Introduction {#Sec1}
============

Filter-feeding shellfish species such as mussels, oysters and clams can be contaminated with various types of lipophilic marine toxins. These lipophilic marine toxins are produced by specific phytoplankton species such as *Dinophysis acuta*, *Protoceratium reticulatum* and *Alexandrium ostenfeldii* \[[@CR1]--[@CR4]\]. Consumption of shellfish contaminated with lipophilic marine toxins can cause severe intoxications \[[@CR5], [@CR6]\]. The lipophilic marine toxin group comprises okadaic acid (OA), dinophysistoxins (DTXs), yessotoxins (YTXs), azaspiracids (AZAs), pectenotoxins (PTXs) and spirolides (SPXs). Of these toxins OA, DTXs and AZAs are known to cause gastrointestinal disorders in humans \[[@CR7], [@CR8]\]. For the other toxins (YTXs, PTXs, SPXs) no cases of intoxication in humans have been reported yet, but these toxins have been found to be lethal or at least highly toxic to mice when injected intraperitoneally \[[@CR9]--[@CR11]\]. Legislation and routine monitoring programmes have been established to protect the consumer \[[@CR12]\]. The permitted levels in whole-flesh shellfish have been set for the sum of all relevant OA, DTXs and PTXs at 160 µg kg^-1^, for the sum of relevant YTXs at 1,000 µg kg^-1^ and for the sum of the relevant AZAs at 160 µg kg^-1^ \[[@CR12]\]. For SPXs no legislation has been established yet. When the current legislation was established, toxicity data on most toxins were scarce or even lacking. More data have become available since, and recently the European Food Safety Authority (EFSA) published several opinions in which this new toxicological information is evaluated. From the EFSA documents it can be seen that the current permitted levels for OA, DTXs, PTXs and AZAs may not be sufficient to exclude the risk of intoxication \[[@CR13]--[@CR15]\], whereas for YTXs the permitted level overestimates the toxicity \[[@CR16]\]. The EFSA has proposed the following protection levels: the sum of OA and DTXs at 45 µg kg^-1^, for AZAs 30 µg kg^-1^, for PTXs 120 µg kg^-1^ and for YTXs 3,750 µg kg^-1^ \[[@CR13]--[@CR16]\]. It may be expected that the EFSA opinions will initiate a discussion among the different member states of the European Union (EU) on whether or not the current permitted levels in the EU legislation should be changed. Lowering of permitted levels may have a serious impact on the shellfish industry. It will also have an impact on the methods that can be applied to monitor legislation compliance. It is highly unlikely that the official reference methods currently prescribed in legislation, the rat bioassay and the mouse bioassay, can be adapted to the proposed levels \[[@CR17]\]. These assays are under discussion anyway because of ethical questions. For many years, EU legislation has prescribed the need for a reduction, refinement and replacement of animal experiments \[[@CR18]\]; therefore, there is urgent need for alternative methods that are sensitive enough for all relevant toxins. Alternative methods such as biochemical or chemical methods are promising methods to replace the current animal tests. Alternative biochemical methods, such as a protein phosphatase 2A inhibition assay and an enzyme-linked immunosorbent assay, have been developed for OA (including DTXs) and for YTXs, respectively \[[@CR19], [@CR20]\]. These methods all focus on a specific lipophilic marine toxin group. Alternative chemical methods that cover all lipophilic marine toxin classes are based on liquid chromatography (LC) coupled with (tandem) mass spectrometry \[MS(/MS)\]. Some of these LC-MS-based multitoxin methods can be used for routine monitoring purposes \[[@CR21]--[@CR24]\]. One of the drawbacks of LC-MS/MS methods is their sensitivity to matrix effects. Matrix effects can lead to an under- or overestimation of the concentration present in shellfish. To remove or reduce these matrix effects, several clean-up methods have been developed \[[@CR25], [@CR26]\]. In this paper we present the results of an in-house validation study of our recently published LC-MS/MS method \[[@CR24]\]. The effect of solid-phase extraction (SPE) for sample clean up was also studied and included in the validation.

Materials and methods {#Sec2}
=====================

Chemicals and standards {#Sec3}
-----------------------

Water was deionized and passed through a Milli-Q water purification system (Millipore, Billerica, MA, USA). Acetonitrile \[high-performance LC (HPLC) supra gradient\] and methanol (absolute, HPLC grade) were purchased from Biosolve (Valkenswaard, The Netherlands). Ammonium hydroxide (25%) and hydrochloric acid (37%) were purchased from VWR International (Amsterdam, The Netherlands). Sodium hydroxide was purchased from Merck (Darmstadt, Germany). The certified reference materials (CRMs) OA (CRM-OA-b 24.1 ± 0.8 µg mL^-1^), YTX (CRM-YTX 5.3 ± 0.3 µg mL^-1^), AZA1 (CRM-AZA1 1.24 ± 0.07 µg mL^-1^), PTX2 (CRM-PTX2 8.6 ± 0.3 μg mL^-1^) and 13-desmethyl spirolide-C (SPX1) (CRM-SPX1 7.0 ± 0.4 µg mL^-1^) and MusB (CRM-mus-b 10.1 µg g^-1^ OA) were purchased from the National Research Council, Institute for Marine Biosciences (Halifax, Canada).

Preparation of extracts {#Sec4}
-----------------------

Homogenates of blank mussels (*Mytilus edulis*), oysters (*Crassosrea gigas*), cockles (*Cerastoderma edule*) and clams (*Ensis directus*) were prepared by homogenizing 100 g of whole-flesh tissue with a T25 Ultra Turrax mixer at 24,000 rpm (IKA® Works, Wilmington, NC, USA). One gram of shellfish homogenate was extracted in triplicate with 3 mL methanol. After each addition of methanol, the extract was vortex-mixed for 1 min. After the vortex-mixing, the extract was centrifuged for 5 min at 2,000 *g*. The supernatant was transferred to a 10-mL volumetric flask and after the third extraction the volume was made up to 10 mL with methanol. The crude shellfish extract was filtered through a HT tuffryn 0.2-µm membrane filter (Pall, East Hills, NY, USA) prior to spiking.

Determination of extraction efficiency {#Sec5}
--------------------------------------

To determine the extraction efficiency, samples naturally contaminated with OA, DTX2 and DTX3 and a sample contaminated with OA, DTX2, AZA1, AZA2 and AZA3 were extracted in duplicate. The homogenate (1 g) was extracted four times with 3 mL methanol. After each extraction the supernatant was transferred to a 10-mL volumetric flask and volume was made up to 10 mL with methanol. After the four methanol extractions a fifth extraction was performed with 3 mL acetone. The acetone extract was evaporated to dryness and reconstituted in methanol. From each extraction step the relative amount of toxin transferred was calculated. Furthermore, for the extraction efficiency six CRM MusB samples containing 10.1 µg g^-1^ OA and six blank shellfish samples spiked at 0.5 times the permitted level with YTX, AZA1, PTX2 and SPX1 were extracted is the same way as described in "Preparation of extracts".

Preparation of matrix-matched standards {#Sec6}
---------------------------------------

A mixed standard stock solution containing 320 ng mL^-1^ OA, AZA1 and PTX2, 2,000 ng mL^-1^ YTX and 800 ng mL^-1^ SPX1 was prepared in methanol. Matrix-matched standards (MMS) were used to construct a calibration curve. Blank extracts (1.8 mL) were spiked with, respectively, 0, 25, 50, 100 and 150 µL mixed stock solution, representing 0, 0.25, 0.5, 1 and 1.5 times the permitted level (Table [1](#Tab1){ref-type="table"}). For SPX1 no permitted level has been established yet. Therefore, in this study a concentration of 400 µg kg^-1^ was chosen as the target level. The total volume of each extract was adjusted to 2 mL with methanol. Table 1Current permitted levels in EU legislation and levels proposed by EFSAToxinLegislation (µg kg^-1^)EFSA opinion (µg kg^-1^)OA and DTXs160^a^45PTXs120YTXs10003750AZAs16032^a^ including PTXs

SPE clean-up {#Sec7}
------------

The SPE procedure was carried out as described by Gerssen et al. \[[@CR25]\]. Strata-X cartridges, 30 mg, 1 mL (Phenomenex, Torrance, CA, USA), were conditioned and equilibrated using 1 mL of methanol and methanol/water (30:70, v/v), respectively. The methanolic shellfish extracts (1.2 mL) were diluted with 2.8 mL water. After 4 mL of diluted extract had been loaded on the cartridge, the cartridge was washed with 1 mL methanol/water (20:80, v/v). Finally, the toxins were eluted from the cartridge with 1.2 mL methanol containing 0.3% v/v of a 25% ammonium hydroxide solution in water.

Preparation of extracts for determination of the performance characteristics {#Sec8}
----------------------------------------------------------------------------

Blank mussel and oyster extracts, different from the ones used for the MMS, were spiked. The extract (1.8 mL) was spiked with 50, 100 and 150 µL (0.5, 1, 1.5 times the permitted level, respectively) of the mixed standard stock solution. The total volume was made up to 2 mL by adding 150, 100 and 50 µL methanol, respectively. After the spiking, an aliquot (1.2 mL) of the extract was purified by SPE before analysis. The remainder of the extract was analysed without further clean-up. On a separate occasion, eight different shellfish extracts (two mussels, two oysters, two cockles, two clams) were prepared and spiked at 0.5 times the permitted level to determine the interspecies repeatability.

Hydrolysis {#Sec9}
----------

To determine the amount of esters of OA, DTX1 and DTX2 present in the shellfish sample, alkaline hydrolysis can be performed \[[@CR27]\]. However, as no esterified standards of OA and DTX were available, the performance of the method was tested by subjecting OA to alkaline hydrolysis conditions. For the validation of hydrolysis an MMS as well as spiked extracts containing OA were prepared at 0, 0.25, 0.5, 1 and 1.5 times the current permitted level (Table [1](#Tab1){ref-type="table"}). In a test tube, 250 µL of 2.5 M sodium hydroxide solution was added to 2 mL spiked extract. The contents of the closed tube were mixed and the tube was placed in a water bath at 76 °C. After 45 min the hydrolysed extract was cooled to room temperature and neutralized with 250 µL of 2.5 M hydrochloric acid. To check for evaporation of methanol during heating of the test tubes, they were weighed before and after hydrolysis (*n* = 20). An 1.2-mL aliquot was purified by SPE before analysis; the remainder was analysed without further purification.

LC-MS/MS analysis {#Sec10}
-----------------

Chromatographic separation was achieved using a Shimadzu HPLC system (Shimadzu, 's-Hertogenbosch, The Netherlands) consisting of a degasser (DGU-20A^3^), a binary pump system (LC20-AD), an autosampler (SIL-HTc) and a column oven (CTO-20A). Separation was achieved on a Waters X-Bridge™ C~18~ (150 mm × 3 mm, 5 µm) column. Mobile phase A was water and mobile phase B was acetonitrile/water (90:10, v/v), both containing 6.7 mM ammonium hydroxide (pH 11). A flow rate of 0.4 mL min^-1^ was used. The gradient started at 10% phase B. This composition was kept for 1 min and was then changed linearly in 9 min to 90% phase B. The mobile phase composition was kept at 90% phase B for 3 min and returned to 10% phase B in 2 min. An equilibration time of 4 min was allowed before the next injection. An injection volume of 10 µL was used and the column temperature was kept at 40 °C. Mass-spectrometric detection was performed using a Mircromass Quattro Ultima tandem mass spectrometer (Waters-Micromass, Manchester, UK) equipped with an electrospray ionization (ESI) interface. The mass spectrometer was operated in both negative and positive ESI mode. In both modes a capillary voltage of 2.8 kV, a desolvation gas temperature of 350 °C at a N~2~ flow rate of 600 L h^-1^, a source temperature of 120 °C and a nebulizer gas (N~2~) flow rate of 100 L h^-1^ were used. Argon was used as a collision-induced-dissociation gas at a pressure of 2.5 × 10^-3^ mbar. The cone voltage (CV) and the collision energy (CE) were optimized for each toxin. Two product ions were selected for each toxin, to allow quantification as well as identification of the specific toxin: OA 803.5 → 255.2 (CV 60 V, CE 45 eV), OA 803.5 → 113.1 (CV 60 V, CE 50 eV), YTX 570.4 → 467.4 (CV 75 V, CE 30 eV), YTX 570.4 →  396.4 (CV 75 V, CE 30 eV), AZA1 842.5 → 824.5 (CV 35 V, CE 30 eV), AZA1 842.5 → 672.4 (CV 35 V, CE 40 eV), PTX2 876.5 → 823.5 (CV 40 V, CE 30 eV), PTX2 876.5 → 213.1 (CV 40 V, CE 30 eV), SPX1 692.5 → 444.2 (CV 40 V, CE:40 eV) and SPX1 692.5 → 164.3 (CV 40 V, CE 50 eV).

Validation parameters investigated {#Sec11}
----------------------------------

The method was validated using EU Commission Decision 2002/657/EC as a guideline. Seven replicates, at each of the three spiking levels (0.5, 1 and 1.5 times the permitted level), were analysed. Analysis was carried out on three separate occasions using two different types of blank shellfish extract (day 1 oyster, day 2 mussel and day 3 mussel). The accuracy, intraday precision (intraday repeatability, RSD~r~), interday precision (within-laboratory reproducibility, RSD~R~), linearity, decision limit (CC~α~), specificity and ruggedness were determined.

Results and discussion {#Sec12}
======================

EU legislation demands that the validation of an alternative method for marine toxins should be carried out according to an internationally recognized protocol \[[@CR28]\]. Commission Decision 2002/657/EC describes the performance characteristics of analytical methods for so-called group A and group B substances in products of animal origin \[[@CR29]\]. As mentioned in Council Directive 1996/23/EC, group B substances comprise compounds such as veterinary drugs, environmental contaminants and mycotoxins \[[@CR30]\]. Therefore, we decided to use Commission Decision 2002/657/EC as the basis for the validation of the analytical method for lipophilic marine toxins.

Extraction efficiency {#Sec13}
---------------------

In former validation studies an important aspect was the use of methanolic solutions of toxins for the construction of calibration curves \[[@CR22], [@CR23]\]. We have recently shown that significant matrix effects can be observed in shellfish extracts and that one of the ways to compensate for these effects is to use MMS \[[@CR25]\]. To save valuable toxin standards, it is preferred to add toxin standards to methanolic extracts rather than to the shellfish homogenate itself. Spiking of extracts is justified when the extraction efficiency is very high (above 90%) for all relevant toxins. To determine the extraction efficiency, two naturally contaminated shellfish samples were extracted with methanol (4 times) and acetone (once). As can be seen in Fig. [1](#Fig1){ref-type="fig"}, after three methanol extractions more than 90% of the toxin content was extracted. Even the more lipophilic OA and DTX esters were extracted with over 90% efficiency. Furthermore, when the MusB CRM was subjected to the normal procedure of three extractions with 3 mL methanol, the recovery of OA was 97.2 ± 5.1% (*n *= 6). Extraction of six different matrices \[mussel, cockle, clam and oyster (*n *= 6)\] spiked with YTX, AZA1, PTX2 and SPX1 at 0.5 times the permitted level resulted in average recoveries of 93.5, 97.0, 93.2 and 96.9%, respectively. Therefore, it is very unlikely that spiking of extracts will lead to false negatives. In the validation study extracts were analysed with and without SPE purification to determine the effect of an additional clean-up step on the performance parameters of the method. Fig. 1Repeated extraction from shellfish to investigate the toxin extraction efficiency. Methanol was used for the first four extractions, and acetone for the final extraction. *OA* okadaic acid, *DTX* dinophysistoxin, *AZA* azaspiracid

Accuracy {#Sec14}
--------

The accuracy of the method in terms of recovery was determined instead of the trueness, because no CRMs at the regulatory limit are available. The accuracy was determined by comparing the amount of toxin used to spike the extract with the amount of toxin found. Commission Decision 2002/657/EC points out that the accuracy of a method with analyte levels above 10 µg kg^-1^ should be between 80 and 110%. Overall, good accuracies were obtained (Table [2](#Tab2){ref-type="table"}); only in a few instances were slightly elevated accuracies obtained. The lowest accuracy obtained was 94% for YTX spiked at 1.5 times the permitted level and analysed after SPE clean-up. The highest accuracy found was 119% for PTX2 spiked at 1.5 times the permitted level in the crude extract. Consequently, with respect to accuracy it was concluded that SPE clean-up resulted in only a modest improvement. Table 2Multiple day validation results for the analysis of lipophilic marine biotoxins in shellfish (mussel and oyster) (n = 21)Fortification level µg kg^-1^Accuracy %RSD~r~ %RSD~R~ %CC~α~^a^ µg kg^-1^R^b^OAWithout SPE801037.210.11940.997--1.0001601034.612.42401013.715.6With SPE801117.48.51840.995--0.999160987.29.1240966.37.5Hydrolysis, without SPE80998.49.02000.993--0.9981601066.714.22401064.811.0Hydrolysis, with SPE801034.64.91760.992--1.0001601005.96.1240983.76.6YTXWithout SPE5001003.77.211750.998--1.00010001022.810.415001022.512.0With SPE5001064.54.611060.999--1.0001000984.86.61500943.33.8AZA1Without SPE801025.47.01730.995--1.0001601102.54.72401132.97.3With SPE801023.53.61820.999--1.0001601007.68.5240994.04.6PTX2Without SPE809512.017.51760.996--1.0001601115.45.62401193.63.7With SPE801036.87.41820.999--1.0001601047.68.32401046.07.0SPX1Without SPE2001064.36.04600.999--1.0004001082.78.56001092.511.8With SPE2001067.17.34690.996--1.0004009710.710.8600966.77.8^a^ at 95% confidence interval.^b^ Minimum- maximum correlation obtained from the MMS series analysed before and after the sample extracts.

Intraday repeatability {#Sec15}
----------------------

The RSD~r~ of the crude extracts as well as that of the cleaned extracts was good (Table [2](#Tab2){ref-type="table"}). The repeatability for the samples analysed without SPE clean-up varied between 2.5% for AZA1 spiked at the permitted level and YTX spiked at 1.5 times the permitted level and 12.0% for PTX2 spiked at 0.5 times the permitted level. For samples analysed after SPE, the RSD~r~ varied between 3.3% for YTX spiked at 1.5 times the permitted level and 10.7% for SPX1 spiked at the permitted level. Overall, the repeatability for most of the toxins in the crude extracts was somewhat better than that of the SPE-cleaned extracts. For the hydrolysed extracts containing OA, the repeatability was somewhat better when SPE clean-up was applied. To check if the higher RSD~r~ of the crude hydrolysed extracts was caused by evaporation of the methanol during heating, the weight of the test tubes before and after hydrolysis was recorded. The loss in weight was 0.14 ± 0.08% (*n* = 20), which is negligible. It was anticipated that purification of the extracts would result in improved repeatability; however, this was not found. One possible explanation is that SPE clean-up introduces an extra error (variation in recovery of the SPE) in the results. This recovery error would more or less counterbalance the positive effect of the SPE on the system performance, which will be discussed in "Linearity".

To investigate whether interspecies differences between the various shellfish matrices play a role, eight different shellfish extracts (two mussels, two oysters, two cockles and two clams), originating from different regions and sampled on two different occasions (March and June 2009), were analysed after being spiking at 0.5 times the permitted level (Table [3](#Tab3){ref-type="table"}). These shellfish extracts were quantified against an MMS calibration curve prepared from an unrelated blank mussel extract. The repeatability obtained was good, with an average RSD~r~ of 5.4% for the crude extracts and 5.1% for the SPE-cleaned extracts. The poorest repeatability among the species was found for OA in the crude extract (RSD~r~ of 6.9%) and for OA in the cleaned extract (RSD~r~ of 6.5%). This experiment shows that effects of interspecies and interseason differences are relatively small. This also means that a set of MMS prepared in a particular shellfish extract can be used without problems for other shellfish matrices. Table 3Accuracy and repeatability of crude extracts of various shellfish species spiked at 0.5 PL (n = 1)SampledSampleAverage concentration foundOA (µg kg^-1^)YTX (µg kg^-1^)AZA1 (µg kg^-1^)PTX2 (µg kg^-1^)SPX1 (µg kg^-1^)MarchMussel84.1523.580.878.0218.5Oysters79.7512.977.176.2204.7Ensis83.8498.673.682.3208.1Cockle91.2527.182.884.6203.9JuneMussel92.9517.978.385.5237.9Oysters95.4501.882.082.4196.0Ensis84.2518.683.275.5204.4Cockle79.9521.972.872.7193.3RSD~r~ (%)6.92.05.25.96.8Accuracy (%)108.0103.198.599.6104.2

Within-laboratory reproducibility {#Sec16}
---------------------------------

The RSD~R~ was good for all toxins analysed (Table [2](#Tab2){ref-type="table"}). The highest RSD~R~ was obtained for PTX2 (17.6%) analysed at 0.5 times the permitted level in crude extract. After SPE purification this improved to an RSD~R~ of 9.9% (Table [2](#Tab2){ref-type="table"}). The lowest RSD~R~ was obtained for AZA1 (4.6%) at 1.5 times the permitted level analysed after SPE clean-up. In general, the RSD~R~ were better in the SPE-cleaned extracts, especially for OA and YTX, which were recorded in negative ESI mode.

The RSD~R~ can also be expressed as HorRat values \[[@CR31]\], which can be calculated using the following equation: $$\documentclass[12pt]{minimal}
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                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ HorRa{t_R} = RS{D_R}(obtained)/RS{D_R}(calculated) $$\end{document}$$

in which RSD~R~(obtained) is the relative standard deviation of the measured reproducibility and RSD~R~(calculated) is the relative standard deviation of the precision calculated by the Horwitz equation \[[@CR31]\]: $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
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                \usepackage{amsfonts} 
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                \begin{document}$$ RS{D_R} = {2^{(1 - 0.5\log C)}} $$\end{document}$$in which *C* is the concentration of the toxin expressed in grams per gram of sample. The RSD~R~ is considered as acceptable when the HorRat value is less than 2; below 1.5 it is considered as good and below 1 as excellent. It can be concluded that the RSD~R~ was excellent for all extracts analysed (Fig. [S1](#AppESM1){ref-type="sec"}). The highest HorRat value was obtained for PTX2 (17.6%, HorRat of 0.8) analysed at 0.5 times the permitted level in the crude extract. As already mentioned, the RSD~R~ is, on average, slightly better for the extracts cleaned by SPE (average HorRat of 0.4 ± 0.1) than for the crude extracts (average HorRat of 0.5 ± 0.2).

Linearity {#Sec17}
---------

A MMS calibration was run at the beginning and at the end of each series and the linearity of both curves was calculated by the least-squares method. Linearity was considered acceptable when the correlation was at least 0.990. For all MMS series analysed in the crude and purified extracts the correlation was good (0.992 or higher; Table [2](#Tab2){ref-type="table"}). No internal standards are available that can be used to correct for changes in sensitivity during analysis. Therefore, a more or less constant sensitivity during the analytical series is very important. This was checked by combining the MMS series before and after the sample extracts into one calibration curve. The correlation coefficient of this calibration curve should be 0.990 or better. This was the case for the samples which were purified by SPE. For these series combined calibration curves could be constructed with correlations of 0.990 or higher for all toxins analysed, indicating that a loss or change in sensitivity during the series is not a serious problem (maximum 22% for YTX). In contrast, in the crude extracts all toxins except YTX (21%) suffered from a drift in sensitivity by more than 25% (maximum 137.2% for PTX2), resulting in combined calibration curves with a correlation of less than 0.990 (0.854 for PTX2). It is clear that the stability of the LC-MS/MS system remained more constant over a longer period of time when cleaned extracts were injected. This is especially important when long series have to be run. Alternatively, the series can be kept short, or a control sample should be included that is analysed at regular intervals during the series.

Decision limit {#Sec18}
--------------

Twenty samples were fortified with the various toxins at the permitted levels and analysed. For these samples the standard deviation of the RSD~R~ was calculated. CCα can be determined using the equation: $$\documentclass[12pt]{minimal}
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                \begin{document}$$ CC\alpha = PL + t \times S{D_R} $$\end{document}$$

in which PL is the permitted level for the toxins in micrograms per kilogram, *t* is 1.64 from a *one*-tailed *t* distribution with *P* = 0.05 (with an infinite number degrees of freedom), and SD~R~ is the standard deviation of the RSD~R~. If the concentration of a toxin in a sample is found at or above the CCα, it can be concluded with a probability of 1-*α* or 95% (*α* = 5%) that the sample is above the permitted level and thus non-compliant. No significant differences were obtained for the CCα between the crude extracts and the SPE-purified extracts, except for YTX and hydrolysed OA. For these toxins SPE clean-up resulted in a lower CCα (Table [2](#Tab2){ref-type="table"}).

Specificity {#Sec19}
-----------

Twenty-one different blank samples (seven mussels, four oysters, eight cockles, two clams) were analysed to determine if interfering peaks were present in the selected mass traces representing the different toxins. In none of the analysed samples were interfering responses detected (Fig. [2](#Fig2){ref-type="fig"}). Fig. 2Liquid chromatography tandem mas spectrometry chromatograms of selected transitions (weakest transition shown) of **a** a blank mussel extract, **b** a blank mussel extract spiked with OA, yessotoxin (*YTX*), AZA1, pectenotoxin-2 (*PTX2*) and 13-desmethyl spirolide-C (*SPX1*) at 0.5 times the permitted level and **c** the strongest transition for a blank mussel spiked with OA, YTX, AZA1, PTX2 and SPX1 at 0.5 times the permitted level

Ruggedness {#Sec20}
----------

The ruggedness of the method for small variations which can accidentally happen within a laboratory was tested. No major changes (different mass spectrometer settings etc.) were investigated. The vortex-mixing time was extended from 1 to 2 min; the speed of the centrifuge was increased from 2,000 *g* to 2,500 *g* and with SPE the contents of the cartridges were eluted for an extra minute. For the ruggedness, the results obtained should be within the standard deviation of the RSD~R~. For all toxins tested under the conditions mentioned, the method performed within this limit.

Single-day validation of OA and AZA1 at EFSA proposed levels {#Sec21}
------------------------------------------------------------

The EFSA has recently proposed new permitted levels for most of the lipophilic marine toxins. For OA and AZA1 the proposed safety levels are much lower (45 µg kg^-1^ for OA and 30 µg kg^-1^ for AZA1) than the current permitted levels. With regard to the PTXs, the proposed permitted level of 120 µg kg^-1^ falls within the range of the validation performed (80, 160, 240 µg kg^-1^). As the EFSA has suggested increasing the YTX permitted level from 1,000 to 3,750 µg kg^-1^, it was considered less important to determine the performance of the method at this higher concentration. To determine if the method for OA and AZA1 also performs well at the levels proposed by the EFSA, an additional single-day validation was carried out (Table [4](#Tab4){ref-type="table"}). The performance characteristics obtained for OA and AZA1 at the low levels were good with regard to accuracy, repeatability and sensitivity (Table [4](#Tab4){ref-type="table"}). Therefore, if in the future it is decided to lower the permitted levels for OA and AZA1, this method is capable of analysing these toxins with a high degree of confidence. Table 4Single-day validation results obtained for the analysis of lipophilic marine biotoxins in shellfish (mussel) at the levels proposed by the European Food Safety Authority (n = 7) ^a^Fortification level µg kg^-1^Accuracy %RSD~r~ %CC~α~ µg kg^-1^R^b^OAWithout SPE22.59610.153.30.998--1.000451136.167.51085.4AZA1With SPE161072.134.50.999--1.000321062.7481041.2^a^ The validation was conducted before the document for the AZAs was published. The proposed permitted level for AZA (30 µg kg^-1^) slightly differs from the level chosen in this study (32 µg kg^-1^).^b^ Minimum- maximum correlation calculated from the MMS series analyzed.

Application of the method to the routine monitoring programme in the Netherlands {#Sec22}
--------------------------------------------------------------------------------

During 2007 and 2008 a total of 623 shellfish samples that were collected in the Dutch monitoring programme were analysed by the rat bioassay as well as by the LC-MS/MS method. The monitoring included 491 mussel (*M. edulis*), 43 oyster (*C. gigas*), 41 cockle (*C. edule*) and 48 clam (*E. directus*) samples. All samples gave negative results with the rat bioassay. With LC-MS/MS low levels of OA were detected in 37 mussel samples from the Wadden Sea during the 2007 season. These levels were above the limit of detection of 1.9 µg kg^-1^ (signal-to-noise ratio of 3 for the strongest transition). In Fig. [3](#Fig3){ref-type="fig"} the maximum concentrations found in the specific areas are given. OA concentrations found above the limit of quantitation \[signal-to-noise ratio of 6 (16.4 µg kg^-1^) for the weakest transition\] ranged from 18.2 to 67.5 µg kg^-1^ OA. These concentrations were well below the current permitted level but some exceed the safety levels proposed by the EFSA. These results indicate that if the regulatory limits are lowered, animal tests such as the rat bioassay will lack sensitivity to meet these limits. Spirolides (SPX1) were the only other toxins that were found in the Dutch shellfish harvesting areas. In 2007 and 2008, SPX1 was detected in 15 mussel samples above the limit of quantitation (1.6 µg kg^-1^), ranging in concentration from 2.3 to 9.6 µg kg^-1^. Fig. 3Maximum concentrations of OA equivalents found in shellfish (mussels) taken from production area's in the Dutch Wadden Sea in 2007. *EFSA* European Food Safety Authority, *LOQ* limit of quantitation, *LOD* limit of detection

Conclusion {#Sec23}
==========

A recently developed LC-MS/MS method was validated, both in combination with and without SPE purification, using European Commission Decision 2002/657/EC as a guideline. MMS were used instead of spiking standards in methanol to construct calibration curves. The use of MMS largely eliminates matrix effects (ion suppression/enhancement).

The method performed very well for the parameters investigated. Only minor differences were observed between the crude extract and the SPE-purified extract. The largest difference observed was the change in sensitivity that occurred during analysis of the crude extracts. For larger series (more than 20 samples) it is advised to incorporate an SPE clean-up step, although this will lead to a more time-consuming method. Furthermore, it was shown that MMS in blank mussel extracts can be used to quantify other matrices such as oyster, cockle and clam. The species differences did not have a significant effect on the method. The validated method also performed well at low concentrations for OA and AZA1. Therefore, we recommend the use of this method for the analysis of lipophilic marine toxins instead of the currently used, less sensitive and animal unfriendly mouse and rat bioassays.

Electronic supplementary materials {#AppESM1}
----------------------------------

Below is the link to the electronic supplementary material.

###### 

(PDF 516 kb)

This research was undertaken with the financial support of the Dutch Ministry of Agriculture and of the European Commission, within the Sixth Framework project 'BIOTOX: Development of cost-effective tools for risk management and traceability systems for marine biotoxins in seafood' contract no. 514074 (<http://www.biotox.org>).

**Open Access** This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
